2 Breeding 3 4 3 1 compared Populus chloroplast DNA sequences. The 5-prime part of the LSC from trnH to atpA 3 2 showed the highest frequency of variations. The variable positions included 163 positions with SNPs 3 3 allowing for differentiating the two clones with P. tremula chloroplast genomes (W52, 717-1B4) from 3 4 the other seven Populus individuals. These potential P. tremula-specific SNPs were displayed as a 3 5 whole-plastome barcode on the P. tremula W52 chloroplast DNA sequence. Three of these SNPs and 3 6 one InDel in the trnH-psbA linker were successfully validated by Sanger sequencing in an extended 3 7 set of Populus individuals. The complete mitochondrial genome sequence of P. tremula is the first in 3 8 the family of Salicaceae. The mitochondrial genomes of the two clones are 783,442 bp (W52) and 3 9 783,513 bp (717-1B4) in size, structurally very similar and organized as single circles. DNA sequence 4 0
. Trees 5903 and 6072, installed in the nurseries of Nancy, were lost during storms in 1999 and 1 4 8 vegetative copies of the parents are no longer available.
4 9
By employing established chloroplast PCR-RFLP markers to differentiate Populus species (primer 1 5 0 sequences are given in S1 appendix), i.e. the P. tremula-specific marker rpoC2-rpoC1 (MlsI) and the 1 5 1 P. alba-specific marker trnH-psbA (Alw26I) [13, 14] , the maternal part in the 717-1B4 clone could be 1 5 2 without doubt classified as P. tremula (S2 appendix; 717-1B4 provided a positive result with the P. was performed with 100 replicates.
7 9
In order to identify SNPs and small InDels between all Populus chloroplast sequences, the alignment 2 8 0 described in the previous section was repeated but without including the chloroplast sequence of S. O  r  g  a  n  i  z  a  t  i  o  n  o  f  t  h  e  P  .  t  r  e  m  u  l  a  c  h  l  o  r  o  p  l  a  s  t  g  e  n  o  m  e  a  n  d  s  eu  e  n  c  e   3  0  0   v  a  r  i  a  t  i  o  n  s  b  e  t  w  e  e  n  W  5  2  a  n  d  7  1  7  -1  B  4   3  0  1 The complete nucleotide sequence of the chloroplast genome of P. tremula was identified for the male 3 5 5
The tree was constructed using UPGMA as construction method. Bootstrap support values (%) are 3 5 6
shown above branches. GenBank accession numbers: P. tremula W52 (KP861984), P. tremula x P. available in S9 appendix ("snp_stats" and "genotyping_data").
7 2
The following regions of the Populus chloroplast consensus sequence showed the highest frequencies 3 7 3 of variations among all sequenced Populus chloroplast genomes (considering intervals of 10,000 bp):
3 7 4 1-10,000 bp with 369 variable positions (top1), 110,000-120,000 bp with 327 positions (top2) and 3 7 5 60,000-70,000 bp with 297 positions (top3). The top1-region is located at the 5-prime part of the LSC 3 7 6 (from trnH to atpA; Fig. 1 ). The alignment of all Populus chloroplast sequences in the most 5-prime 3 7 7
part of the top1-region (position 1-480 of the Populus consensus sequence) including the trnH-psbA 3 7 8 linker is presented in S10 appendix. The top2-region includes and surrounds the IRa-SSC border 3 7 9
(from the rrnR gene cluster to ccsA; Fig. 1 ). The alignment of all Populus cpDNA sequences in the 3 8 0 border region is shown in S11 appendix. The top3-region is located in the LSC (from accD to rpl33; 3 8 1 plastome barcode on the W52 chloroplast sequence (Fig. 1, outer circle) . Interestingly, the IRa and 3 8 8
IRb included only a few potential P. tremula-specific SNPs, whereas large clusters of SNPs were 3 8 9
detected in the LSC and SSC (Fig. 1 ).
9 0
The trnH-psbA linker mentioned above (S10 appendix; position 78-340 bp of the consensus 3 9 1 sequence) includes 3 potential P. tremula-specific SNPs at positions 160 (G/A), 312 (A/G) and 324 3 9 2
(T/C) as well as an InDel (6bp) at the border between the trnH-psbA linker and the psbA gene Populus species belonging to four Populus sections ( Table 1) . All four nucleotide variations were 3 9 6 specific to P. tremula when compared to the individuals of the other 12 Populus species considered in 3 9 7 the analysis (Table 1) .
3 9 8 3 9 9 
Accession number

Individual related to accession number
Number of individuals sequenced are given for the 3 SNPs and the InDel (in brackets for the InDel; the 4 0 3
InDel region was not readable in all sequences). The numbers of the different variations (V), e.g.
0 4
V_06, corresponds to the SNP number in S9 appendix ("Ptremula_snps"). The position of the variation 4 0 5
in the consensus/P. trichocarpa cpDNA sequence is given below the variation number in brackets. to an unspecific mapping of cpDNA-derived reads in addition to mtDNA-derived reads to these 4 2 0
regions. Such high-coverage regions and also low coverage-regions (see also Materials and Methods) 4 2 1
were validated by Sanger-sequencing of PCR amplicons including (overlapping parts of) these regions 4 2 2
(related primer sequences in S1 appendix). breeding, and so far neglect the important function of genes located in chloroplast and mitochondrion 4 7 7
organelles.
7 8
In this study, we present the complete chloroplast and mitochondrial genomic sequence of P. 
9 5
The identified numbers of potential protein-coding genes (85), pseudogenes (1), tRNA genes (37) 4 9 6
and rRNA genes (8; Fig. 1 ) in the P. tremula chloroplast genome are within the distribution range of 
0 6
The gene psaC is one of the photosystem I genes that belong to genes shared by both, cyanobacteria 
0 9
Since the substitution rate in the DNA of chloroplast genomes is much lower than of nuclear divergence was also obvious in our study (Fig. 2) . Huang et al. showed that P. trichocarpa and P. "unverified".
2 8
SNPs and other nucleotide variations in chloroplast genomes that allow for differentiation between 5 2 9
Populus sections, species groups or species or even identification of the geographic origin of Populus 5 3 0
trees of a given species are important for practical breeding and research, and are thus highly 5 3 1 desirable. Some species-specific cpDNA-markers based on SNPs have been already developed for 5 3 2
Populus using single-loci for barcode development [11, 14] , but, so far, no studies on the development for species (section) differentiation in Populus.
3 8
The 5-prime part of the LSC (1-10,000 bp) was identified as the chloroplast region with the highest [14]).
4 6
In total, 163 potential P. tremula-specific SNPs were identified in the chloroplast genomes of W52 O  k  u  m  u  r  a  S  ,  S  a  w  a  d  a  M  ,  P  a  r  k  Y  W  ,  H  a  y  a  s  h  i  T  ,  S  h  i  m  a  m  u  r  a  M  ,  e  t  a  l  .  (  2  0  0  6  )  T  r  a  n  s  f  o  r  m  a  t  i  o  n  o  f  p  o  p  l  a  r  7  1  3   (  P  o  p  u  l  u  s  a  l  b  a  )  p  l  a  s  t  i  d  s  a  n  d  e  x  p  r  e  s  s  i  o  n  o  f  f  o  r  e  i  g  n  p  r  o  t  e  i  n  s  i  n  t  r  e  e  c  h  l  o  r  o  p  l  a  s  t  s  .  T  r  a  n  s  g  e  n  i  c  R  e  s  7  1  4   1  5  :  6  3  7  -6  4 
